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Dry Sorbent Injection Cost Analysis for
Gerald Gentleman Station

Mr. Joseph L. Citta, Jr.

Corporate Environmental Manager
Mebraska Public Power District
1414 15" Street, P. O. Box 499
Columbus, NE 68601

Dear Joe:

March 11, 2011
Project No. 12681-002

As stated in my previous letter (January 6, 2011}, it remains S&L’s judgment that the DSI technology has
not been proven on any power plant the size of the GGS units and, therefore, should not be considered
“technically feasible™ as the term is defined in the Regional Haze rule. Even so, as requested by NPPD,
S&L developed the cost estimates for the application of the DSI technology on both GGS units to be as
close to a side-by~side comparison to the previously analyzed dry and wet FGD technologies as is

practical and reasonable.

Although the initial capital requirement for a DSI system at GGS is considerably less than that required
for either of the FGD technologies evaluated in the 2008 BART Analysis, the operating costs for the DSI
system at GOS, over the 20 year amortization life, resulted in an annualized cost of nearly 34% greater
for the D51 system.  Also, the cost to capture a ton of SO, with the DSI system is over twice as expensive
as that requirad with either of the FGD technologies evaluated in the 2008 BART Analysis.

The report with the subject title is attached.
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Question 1

Mebraska Public Power Distric Project Noo 12681-002
Gerald Gentleman Unnts 1&2 Muarch 11, 2011

Dy Sorhent Injection Cost Analvsis for Gerald Gentleman Station

1.0 Introduction

Gerald Gentleman Station (GGS) s 8 source subject to the Regional Haze rule. A Bast Available Ratrofit
Technology (BART) Analysis was submitted to the Nebraska Department of Environmental Quality (NDEQ)
in February 2008 ‘htrczﬁm referred to as 2008 BART Analysis) which included an evaluation of retrofitting
emissions eontrol technodogies to lessen the impact of Ger ald Gentleman Station {GGS) on visibility at the
Badiands National Park in South Dakota. The E:uhnoi ogies considered in the 2008 BART Analvsis were dry
and wet Flue Gas Desulturization {FGD) svstems for 8O control and Low NO, burners (LNB} and Selective
Catalytic Reduction (SCR) for MO, control. "%arm:nf é' Lund’y' {5&L) provided input to the 2008 BART
Analyvsis by providing capital, O&M, and annualized cost estimates for the FGD and SCR technologies,

The 2008 BART Analysis did not include an evaluation of Dry Sorbent Injection (DS1) technology because it
was not considerad to be technically feasible for use st GGS. During the final comment period for the
associated Nebraska Stete Implementation Plan (8P} in 2010, the NDEQ received comments from the
Natienal Park Service suggesting that dvy sorbent injection should be considered for application at GGS. At
Nebraska Public Power District’s {2PPD s request, Sargent & Lundy prepared a latter dated January 6,

2007 that responded to the National Park Service comments. In that l::ttf;t, Sargent & Lundy delineated the
conaiderations that were used to eliminate 1381 from being addressed in the 2008 BART Analysis and
comcluded that “DSI is currently 1’10’( techmically feasible tor application for the source under consideration,
Gentleran Station Units T and 27, and that "w hlh, ... an argument could be made that DS is available for
certain source fvpe applicaions, it is not applicable to Gentleman Station™

Fhe WDEQ disagresd with &L conclusion. In February 2011, the NDEQ asked that a side-by-side

miparison be performed of dry sorbent injection technology and the FGI technologies, including both a
i:m%: compariscn and a visibility impact comparison. Although S&L still believes that DSI s not technically
feasible as previously stated inour January 6, 2011 letter, as requested by NPPD, we proceeded to prepare
the cost comparison, for what should be considered a hypothetical evaluation based on 8&Ls opinion of the
“technical feasibility” of the DB technology.

Ax derailed heredn, this analysis identifies the %”;xw'gmtiwtical capital, D&M, and annualized costs of applving
d‘{'v sorbent imjection techuology at GGR, The analysis is bused on both publicly available data and 5&L

expertise related to DSIL The vi \L! ility improvement and effectiveness will be modeled by HDR. HDR
pu’mnnmi the same modeling used in the 2005 BART Analysis.

e

2.0 Evaluation Methodology

The evaluation of DST technology for the purpose of developing cost estimates for SO, reduction at GGS was
based on the llowing:

ion of o “target” stack B0 em
s Selection of a sorbent type for lk*dmmun of 80
e Selection of g sorbent stoichiometic ratin based on the 50 removal efficiency needed

Unes the approprigie ;}czimm: e pargmetors were established, design of the wystem could be approximated

and the sorbent consumption and waste production rate could be calculated. The capital and Q&M costs
could then be determined. The final step was to convert the capital and O&M costs into an annualized cost
gstimate such that the technologies could be comparsd on an equal basis, Thas approach s Rirther explained

i the following sections,

SL DL Cost Anaby
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Question 1

Mebraska Public Power District Project No. 12681-002
Gerald Gentleman Units 1&2 March 11, 2011
21 Selection of “Target” Stack 50, Emission Rate

DS echnology has demonstrated the capability of removing moderate amounts of SQ-. However, D8I has
not demonsteated that it can remove as much 30 as corventional wet or dry utility grade FGD res&mmiowie&
In the 2008 BART Analysis, the candidate FGD technologies (conventional wet limestone and lime spra
dryer) were evaluated as being able to reduce SO, e;msasmm to less than 015 1b/MMBtu for coals havin g 28
rouch as 2.27 1b SO, /MMBtu, This sulfur content is representative of the high end of the sulfir content range
for Powder River Basin (PRE1 coals which are used exclusively at GGS. The evaluated reduction ;apzmm s
a remaoval efficiency of about 93%. S&L7s sxpectation for o cost affective application of the DS technology
would be gt a considerably lower efficiency and a much higher resultant 50, emis

ion rate.

From publicly available information, we are aware that a recent BART analysis prepared for Boardman
Power Plant contained an evaluation of the use of DSI to lower emissions to 0.4 1h 5O: MMBu subject to
the rerults of pilot testing that would pm ¢ or disprove this capability. Also, it should be noted that the
Boardman BART amalysis for the use of DS {mhnn?rg represented only 4-6 vears of operation prior to
closure of the Boardman Plant in the 2018-2020 vime frame. This type of analysis eriterion will tend o favor
foow capital aud high operating cost tf:cimelogms such as DSL

Selection of g target SO emission rate is based in part on the proposed DSEHimplementation for the
Boardman Plant, which burns PRE coal and has a boller/generating unit of %imiia‘ size {384 MW} compared
to the somewhat farger GGS genernting units, The selection of the target SO» emission rate is also based in
part on puhw% wed theoretical projections by Solvay, @ supplier of Trona and sodium bicarbonate sorbents
which are candidate sorbents, for DST applications. To present a side-by-side comparison of DSI and the
FGD Optlﬂm used in the 2008 BART Analysis, S&L used the same design coal as for the dry and wet FGD
options already evaluated as part of the 2008 BART Analvsis. Based on the Boardman Plant DS BART
analysis and a very optimistic Solvay projection for control efficiency (approaching 80%) and using the
design basts coal 3‘03‘ (1(;& we have selected an outlet {stack) 8Oh emission rate of §.36 Ib/MMBu for this
assessment, This s a more aggressive renwoval efficiency than proposed for Boardman where .36 1b
SOMMBta would represent a removal efficiency of only 409, Note that ever with this relatively low
efficiency for the Boardman BART, Portland General Electiie requested flexibility in the ulumate emission
limitation dependent on pilot testing. Without extensive GGS-specific modeling and actual field testing, and
a contraciual performance guarantee from a vendor, the analysis of DSI for GGS presented here must be
considered theoretical.

2.2 Selection of Sorbent Type

Rorbents that can be used in the DSl tec imﬂlm nolude Trona, sodium bicarbonate, or lime. Sodium
coanpounds {Trona and bic ubomi&) kz e more reactive with SO; than is ime; therefore lime is rarely
evaluated for S0 romoval tn DRI e ‘siom applications, Trona iz morg available than bicarbonaie
bicarhonate s more effective in dlat a v:u;tsm.zd of bicarbonate can remove more SO- than & pound of “i rena.
However, hicarbonate i effective in & more lmited fue gas temperature range waking it less tlexible in the
dvnamic operating condition of a typical power plant. Finally, bicarbonate is more expensive

Table § shows {1} the order-of-magnitude consumption rates for Trona and bicarbonate that would be needed
for applications of the technology at GGS, (2) the relative costs of the sorbents, and (3) the domestic
supphier s production capacity.

Bicarbonate was not selected as the sorbent of choice for OGS for two reasons. First, bicarbonate needs 1o
be injected into the flue gas stream within a ugi er lemperaturs range than Treona which would be a probiem
for GGS as will be discussed in the section of this report on stoichiometry. Second, GGE would consuine

DISE Cost Analysis for GOS 031120 Ldoe
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Mebraska Public Power District Project No. 12681002
Gerald Gentleman Units 182 March 11, 201

sueh & larpe portion of the current (ntal markel production capability that bicarbonate’s av d}iahmi‘ to GGS
wouild be in question. Iinad ‘Mimn there are unl*' thres suppliers of bicarbonate so GGS would have linle
leverags on the suppliers and this situation would result in bicarbonate onsts that would very likely escalate
at & higher rate than othey FGI ambc, ats, including limestone and Hime. For these reasons, sodium
bivarbonate s not considerad to be an effective sorbent for the GGB units,

Table 1: Comparison of Consumption and Production Capacities for Trona and Bivarbonate

Tronga sodium Bicarbeonate

GOS appros: mcm consumption | 0.6 0.5

{million 1o
Suppliers” plrzducmn capacity

(mﬂhun s vy

Sobvay = 0,13
FMC = .25

GUSs” consumption as a percent (3?‘:5‘%,

of fotal suppliers” production

R
Price {$/ton) 5145 by rail 5200 by rail
¥ Azsumes the suppliers’ production capacity of Trona and Bicarbonate is all avatlable and does not figure in

the amount already committed to others.

an be seen from the Table 1, the current production of Trona comes from three suppliers and GGS would
be consuming approximately 5% of the market. With only three suppliers con peiizion would be low, This
could create a higher rate of escalation in reagent price than what was used in this analysis. For comparison
purposes, there are over 21 companies that produce lime (used in FGD technologios) ’md Ges would
consume bess than % of the Hioe market.

Trona 15 the sorbent type selected for this cost analysis.
1.3 Selection of Steichinmetric Ratio

Alter selection of a sorbent and an emission rate for GGS, the next step was {0 select a steichiometric ratio o
elfectively deal with the sele m,d emission rate. The normalized stoichiometric ratio s defined in the
literature and represents the ameunt of Troma injected to remove a selectad amount of 505, Inthe DS
industry, the stoichiometric ratio is correlated to removal efficiency and is uxuaii\ presented in curves such
as that shown i Figura 1 Hm curve in Figure 1 s publicly available and 15 presented frequently in DS
Hterature, However, the curves are very broad, which imphies that their accuracy is limited. In other words,
the curves show a general relationship between stoichiometric ratio and efficiency, but they arg not so
avcurate that they could be used o ¢ define the stoichiometric ratio which would be spect iy required at
{ ‘x{'j‘% In addition, the curves are based maindy on indusirial plant experience. Indusirial plants perform
significantly different from wility plants. In 84&1s opinion, these curves must be viewed as optimistic
pmjutaon\ that should only be used for general information. The only way to develop a meaningful
stoichiometne ratio versus efficiency relatiomship specifically for GGS would be to conduct extensive
modeling and field testing at GGS.

[E]

SLDS] Cost Analysis by GOS 8311201 Ldoe
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Nebraska Public Power District Project No. 12681-002
Gerald Gentleman Units 1&2 March 11, 2011

Figure 1: Mormalized Stoichiometric Ratio versus S0O; Removal Efficiency (From Solvay)

Performance of Trona in SO, Mitigation
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The refationship between Trona stoichiometric ratio and removal efficiency is highly dependent on the Trona
particle size (milled versus un-milled), the flue gas temperature at the Trona injection location, the
uniformity of injection across the ductwork, and the time of contact (i.e. residence time). Choosing the
stoichiomelric ratio s dependent on the aforementioned unit-specific parameters. As noted, the size of the
Troma particle irpacts the stoichiometric ratio and DST suppliers have shown in recent tests that smaller, not
larger, Trona particle sizes are more effective in capturing SO;. However, smaller sized Trona particles
cannot be shipped over long distances, therefore, the typical method of applying Trona is to deliver un-milled
Trona to the site and then process it through an in-line mill that reduces the Trona particle size to about 20-25
microns, S&L used this approach in the GGS cost estimate analysis.

The flue gas temperature at the injection location impacts the stoichiometric ratio. The reaction of Trona
relies o the ability of the 80, molecules to be captured in the pores of the Trona material. The more porous
the material is the more sites that are available to capture 8O, molecules. Trona has a characteristic that it
will caleine (“popeorn™ and become more porous when injected at temperatures between 273°F and 300°F.
If it ix injected at greater than 800°F or below 275°F, then each Trona particle is not as effective, and more
Trona is needed, to collect a given amount of 80, The temperature profiles at GUS are not ideal (see
discussion below) for this situation and, theretore, the Figure 1 curves do not aceurately represent the
stodehiometric ratio needed ar GGB. In 5&17s opindon, because much of the experience with this technology
comes from industrial scale apphications, the removal efficiencies shown by the curves are very optimistic for
use at GGS.

Sorbent can be injected upstream or downsirean of the unit’s air prebeaters. The GGS Unit 1 and Unit 2
temperaturs profiles upstream and downstream of the air preheaters were evaluated to determine the best
injection location and the impact of teraperature on stoichiometric ratio. The Unit 1 flue gas temperature
downstream of the secondary air preheater is below 275°F for 74% of the operating hours. The temperatures
upsirearn of the air heater are determined by the economizer outlet temperature. The Unit 1 econvmizer

SL DSE Cost Analysis for GGS 03-11-3011 doe
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putlet temperature is above SOU°F for 29% of the operating hours and, if considering greater than 80% load,
{5 above 800°F for 36% of the operating hours. The Unit 2 data indicates the temperature downstream of the
secondary air preheater is below 275°F for 100% of the operating hours and the economizer outlet
temperature is above 800°F for 25% of the hours. Therefore, both units have a poor temperature profile and
the required stowckdometric ratio would be greater than shown in Figure 1 for any removal efficiency.

Finally, because much of the experience with this technology comes from industrial scale applications, the
expectation for both removal efficiency and stoichiometry shown on this curve should be considered very

optirnistic for the large utility boiler systems at GGS.

The stoichiometric ratio relationship selected by 8&L for this analysis for the GGS units is shown in Figure
2. This relationship is superimposed over the Solvay curve in Figure 1.

Figore 2: Normalized Stoichiometric Ratio versus 80, Removal Efficiency for GGS

Performance of Trona in SO, Mitigatign
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2.4 Capital Cost Estimate Determination

The basis of the cost estimales used in this analvsis 15 the same as that used in developing the costs for the
2008 BART Analysis, with one exception: The initial startup date for the technologies is now calendar vear
2016 rather than 2013, The costs from the 2008 Analysis and this analvsis of the DS technology have been
annualized for startup in 2006 and this change puts all technologies on the same economic basis, This
change is necessary to allow time for the dry and wet FGI technologies to be built on an achievable
schedule, rather than expecting they could be installed and made operational two vears from the present,
which is not achievable. The change to the startup date required that the FGD costs be escalated such that
the first vear of operation is 2016, rather than the 2013, The capital for the DS!technology also uses 2016 as
the indtial operanon date and includes escalation,

SLODEL Cost Apalysis for GGS 0311201 doc
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The capital costs are presented ax several m’zm;mm’ nts (construction direct, other i‘OE'kSE”u{:‘tii}il. inddirect,
ete, ) as shown in Exhibit T The DS]application for each Unit is designed for 87,300 the/hr (which
ripresenix the selected stoichicmmetry) and includes milling equipment, as prevmmi; desezri’é}ad‘

The diveet comstruction componerms shown were developed using S&1 in-house cost information. The
capital cost estimale for the DST application {nchudes rail unloading, storage, transfer, milling, and injection
subsystems. In addition to the D51 system cost estimate information, Exhibi E shows divect construction
costs for rail uperades o allow for recelving of Trona on site and includes costs for exmndmw the ash
storage system due 1o the increased quantity of solid waste from the spertt hU}ld. The rail upgrades and ash
storage upgrades were also included inthe } D system cost estimates for the 2008 BART Analysis when
appropriate.

Y
o~
Ly

The remainder of the capiial cost compoenents wore added using the same bases that were used for the
previousty submitted FGT capital costs, with one @"{Cﬁpfiﬂt‘i’ The contingeney for this DS application
capital cost estimate uses 30% contingency {(vs. 2% used in the FGD cost estimates) because the DST order-

pf-magniiude costs were developed mih minimal engineering analysis as compared to the detailed analvsis
performed for the 2008 BART Analys

2.5 O&M Cost Determination

Because i proved not 1o be practical 1o dm»’elup a true side-by-side comparison of the FGE and D3]
technelogies for GUGS, the O&M costs were developed for a hypothetical case of reducing 5O, emissions
from the design coal used for the 2008 IMF T Analysis to meet an emission lmd of 0.36 I/MMBu. This
case 1s hypothetical because: 1) there are no pr ecedents in the electric power industry of application of DS to
a botler of this size and type, 2} there are no GGS-specifie feld modeling trials and testing of either Unit
which have different designs and different boiler manufacturers, and 3) there are no contractual performance
guaranizes for GGS. Because it is unknown whether the DSI technology could meet this emission level in
the case of GOGE, such an application would, by definition, be hypothetical and experimental in nature.

The Q&M cost estimate for the DS] hpplementation as described above is detailed in Exhibits 2a and 2b, and
mcludes the caleulation of the fivst vear D&M cost and the annualized O&M cost for each unit, respectively.
Consistent with the 2008 BART Analysis, a 20-vear amortization period was used for the DS system, The
cost of the reagent and waste disposal are the predominant annual operating costs for the DSI technology. A
new landfill cost is included in this evaluation because a new landfill would be needed for the DS
technology waste. The landfill includes costs for site preparation, placement of fow permeability soil,
mstallation of 2 geomembrane, and placement of a protective cover for closure of the landfill.

The DS application will have an unpact on the operation of the baghouse. The significant increase in the
solids loading to the baghouse wiii require the bags to be cleaned more frequently. Bag cleaning frequency
has a divect apaet oo the 1ife of the bag, The increased cleaning frequency will lessen the bag life by 10%
1o 200,

2.6 Annualized Cost Determination

Exhibit 3 presents the annualized costs for the FUOD rechnologies as presented in the 2008 BART Apalvsi
As previously addressed, these costs were based o a 2013 operating date which s no longer reasonable.

Therefore, Exhibit 3 also presents the same FOD costs escalated to calendar vear 2016 1o accommaodate a
normal enging umg comstruction and startup schedule, The exhibit also includes the DSI cost estimates for
each option considerad escalated w 2018,

SE DB Cost Analyais for GG 031120 dow
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The data in Exhibit 3 is close to the side-by-side comparison that NDEQ requested, but is hased on a DSI
outlet SOy ermission rate of 038 1b 50, MMBi, not the 0.15 b SO- MMBa value used for FGD
i;u,nnnE ies. Evaluating the D51 technology at an outlet loading of 6153 th 3OMMBm and a

20T r“‘pnndmu B0 removal of $1%6 would represent an extrapolation of available data well beyond
pmmc;}i - Even when evaluated at g lower removal efficiency and a %;zghat outhet loading, the DE]
mdnmiﬂa‘c dsmual zed cost (B9 and normalized cost (Ston 50;) is higher than the FGD cost from the 2008
BART Analysis,

3.0 Other Retrofit fmpacts
il Energy Usage

The DST application iz expected to consume about .1 kKW of the station’s power for every 1 Ibdhr of sorbent
feed. For both units at full capacity, this equates to 16 MW, which is 1.2 % of the stations gross capacity,
Most of the power is consumed by pneumatically handling the Trona, cooling the transport air, and keeping
the stored Trong dey. The dry and wet TGD technolngies consume 1.9 % and 2.7 %5, respectively, of the
station’s gross power,

3.2 Disposal of Liguid

The DST application does not use water to improve the mass transfer of 50 as is the case with dry and wet
FGD technologies, The FGD technologies consume between 1,700 and 2,200 gpm of water.

Some water is used in DST application to wash the Trona millz as a part of required daily maintenance. The
Trona mills are filled with water to dissolve the deposits of sodivm that accumulate on the mill internals,
The water used for this purpose averages less than 10 gpro on an annual basis. The resulting liquid waste is
high in sodium and, therefore, must be properly disposed of.

33 Potential Fugitive Emissions

The DST application will have the potential to generate fugitive emissions as the dry sorbent is pneumatically
teansferred from the rail cars ti the storage silos, from the storage silos to the day silo, and from the day silo
ter the infection subsystems. In addition, the rail delivery generates fugitive emissions while the sorbent is in
pransit. Finally, the handling of the baghouse waste streams have the potential to generate fugitive enussions
a5 they are prewnatically transterred to the waste silos and unloaded 1o haul trucks, Also, since the solid
waste generation tate associated with the DST application will be about 3 times the current solid waste
guantity, there will be three times the amount of haul truck traffic which will also increase fugitive
emissions, All of these solids handling svstems have the potential to increase fugitive dust emisstons and
must be controlled with additional dust control hardware and systems which increase both the capital
requiremnent and O&M requirement,

4.8 Conclusion

It rewains S&L7s judgment that the D8] technology has not been proven on aby power p plant the sizaof the
{35 units and, therefore, should not be considered “technically feasible” as the term 15 defined in the
Regional Haze rule. Even so, as requested by MNPPD, S&L develo ped the cost estimates for the application
of the DI technology on both GGS units 1o be as close to a side-hy-side comparison to the previously

analyzed dry and wet FGD rechnedngies as is practical and reasonable.

Al mmvh the initial capital requirement for & DSI systen at GGSE is considerably fess than that required for
zither of the FGD techuolog sluated 1o the 2008 BART Analysis, the operating costs for the DS svstem

SLODRL Cost Analysts tow GG 03+
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al GOGE, over the 20 vear amortization life, resubted in an annualized cost of nearly 34%, greater for the DSI

system. Also, the costio wapture a ton of 50; with the ST system is over twice as expensive as that
required with either of the FGI technologies evaluated in the 2008 BART Analysis.

SLDS] Cose Anabyais for GOR O3-11-201 o
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EXHIBIT 24
Budgetary DS O8M Cost Estimate {per Unit)

Question 1

Froject Mo, 12681002
Sarah 11, 2011
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Diry Serbent Type Trona
Diesign Rumoval Efficieney 8§11 §01, Removal
Partienlate Collector Bashouse

Annualized Variable O&M Costs
Bag Replacement Qo

Dire Sorhent Cost

Waste Disposs
Revenus from Fly
Powsr: Ene
Povwer: Capac
502 Aldlowg 5

i

3416000

492 {HE)

Charge Cost {Aaxiiry Powen)

R IR TR TR P

5 (1,240,000
Total Estimated Annualized YVariable O&M Con % 54505 000
Annualized Fized O&M Cost:
Additional Operating labor ) 467,000
iwnnal Maintenance Material g }

RUEREY S

Additional Maintenanes Labor 5
Additional Administrative tabor %

Total Estimated Annnalized Fised 080 Cos 5
TOTAL ESTIMATED ANNUALIZED Q&3 82011 iy 5
TOTAL ESTIMATED ANMNUALIZED Q&M TO 2018% Sivr 5
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Question 1

sk Public Power District EXHIBIT 3

5 Geoiernsn Units

Froject Mo
1&2 Modifieation of Table 4 from 2008 BART Analysis, $O2 Cost of Complisnics &

Tachnology Options

Daseripfion
Sapia & L3
Arensaized | 3 5
3 5
3 %
Eacalation factors to convert the above Tabia 4 to the helow revised Table 4
Capial B 1
Theoretical Normaliced Sloichiomatrin Ratio ; 30

The abowve Table 4 but Escalated to 2016 Tat year operating date {lotal for both Usits}

© rt Faste {IDAME .95
15 5 2
s 5
5 8 %
y 5 5 §

]

* Cainuiated Daseds on the maxirmum actual 24-hour B0 ami

03-2000% thiat veas used o the 2008 BART fna
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APPENDIX B
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